Graphene technology demonstrates sufficient maturity to realize a quantum Hall resistance standard able to operate in user-friendly conditions and to confirm the QHE universality, two important contributions to the SI evolution.
The quantum Hall effect (QHE) is a macroscopic quantum phenomenon corresponding to the quantization of the charge carrier cyclotron orbits occuring in two-dimensional conductors under magnetic field (1) . Here, Heisenberg's uncertainty and Pauli's principles are directly manifested by relating the quantized (transverse) electrical resistance R H to the electron charge e and Planck's constant h only. The theoretical relationship R H =h/(ie 2 ), with i an integer, provides, in principle, a universal and reproducible electrical resistance standard. Moreover, this equation is of crucial importance in the ongoing effort to redefine several units of the Système International d'unités (SI) in terms of fundamental constants of physics by exploiting basic physical laws or equivalence between quantities, as it is notably the case for the kilogram in terms of h through the watt balance (2). Important evidence of the exactness of the relation R H =h/(ie 2 ) comes from the tests of the universality of R H , i.e. its invariance with the material used to realize the QHE devices (3) . Such experiments are also tests of the strong theoretical arguments underpinning the validity of this relation (insensitivity of the quantized Hall resistance, as a topological invariant (4, 5, 6) , to electron-electron interaction, gravity (7)) or questioning it (quantum electrodynamics corrections (8) ). Previous results (9) have been used to recommend the QHE as the official representation of the ohm, enabling routine resistance calibrations with accuracy within 1×10 -9 in national metrology institutes, all over the world (10) . Extending these QHE universality tests is of growing interest at the time of the SI redefinition, and deserves to meet the challenge set by such experiments at the limit of instrumentation.
In the context of a broader and better integration of quantum physics in the SI, the simplification of the experimental conditions of the quantum Hall resistance standard (QHRS) is, for metrologists, as much important as the aforementioned fundamental issues. The most widely used QHRS today, based on GaAs/AlGaAs heterostructures (GaAs-QHRS), typically require a magnetic field (B) around 10 T, unachievable without expensive superconducting cryomagnetic systems, a temperature around T=1.3 K, and measurement currents (I) that cannot exceed tens of µA, in order to preserve a 1×10 -9 -accuracy of R H (11) . Such low currents require a specific low temperature amplifier based on a superconducting quantum interference device in order to improve the signal-to-noise ratio and achieve a 10 -9 -precision in the calibration experiments against the primary standard. This precision is necessary in order to ensure the final uncertainty required by industrial needs, unavoidably degraded over the resistance traceability chain. Relaxing the operational conditions (B, T, I) to make the QHRS compatible with transportable, compact helium-free setup and commercial amplifiers, will simplify their handling and will reduce the calibration cost, leading to a broader dissemination beyond national metrology institutes, particularly in industry. This simpler and more available quantum resistance standard will improve not only the ohm traceability in DC and AC regime, but also the farad (12) , and, more importantly, the ampere, directly in terms of its new definition based on a fixed value of e (13) . Beyond these electrical quantities, a user-friendly quantum resistance standard will benefit to the traceability of mass, temperature, and so on, since electrical measurements are ubiquitous. Nevertheless, the QHE physics makes the relaxation of these three experimental parameters (B, T, I) very challenging since they are interdependent: decreasing B competes against increasing T and I, while seeking to preserve the device accuracy.
Here we present a QHRS fabricated from graphene, a two-dimensional crystal of carbon atoms, that demonstrates all the advantages. It can operate with a 1×10 -9 -accuracy over a wide range of (B, T, I), exceeding the range of previous graphene devices and, more importantly, of semiconductors devices. New absolute records are established ( Fig. 1) for each operational condition, either B or T, or I, (with the remaining two parameters maintained at workable values, i.e. at least similar to what is required by GaAs-QHRS): i) minimum operation magnetic field of 3.5 T, three times smaller than in a usual GaAs-QHRS, ii) range of quantizing magnetic field larger than 10 T, ten times wider than in a usual GaAs-QHRS, iii) maximum operation temperature of 10 K, seven times higher than in a usual GaAs-QHRS, iv) maximum operation current of 0.5 mA, ten times higher than in a usual GaAs-QHRS. We also demonstrate that the device keeps its 1×10 -9 -accuracy under an attractive set of relaxed experimental conditions never simultaneously achieved before: 5 T, 5.1 K, and 50 µA, making a breakthrough in the simplification of the QHRS implementation. Finally, this ideal graphene QHRS (G-QHRS) allowed an improved test of the QHE universality through a comparison with a GaAs-QHRS that showed an agreement within a record relative uncertainty of 8.2×10 -11 .
The ability of graphene to exhibit a robust QHE at low B derives from the fact that charge carriers behave as massless relativistic particles, with a peculiar quantization of the energy spectrum in Landau level (LL) under magnetic field. The energy spacing between the first two degenerated LLs is given by ∆E G (B)=36√B meVT -1/2 (14) , while it is of ∆E GaAs (B)=1.7B meVT -1 in GaAs devices. Because of this difference, the energy spacing required for a Hall resistance to be accurately quantized at h/(2e 2 ) within 1×10 -9 at 1.3 K occurs at B≈10 T for GaAs devices, but only at B≈0.2 T for graphene devices. Under a few teslas, the energy spacing is so large in graphene that operation temperature and current are expected to be higher than in GaAs.
Nevertheless, realizing the expected benefits of graphene in a practical QHRS, which would operate at lower B, higher T, and higher I, while preserving accuracy within 1×10 -9 , is quite challenging in terms of material quality, as suggested by several unsuccessful attempts (15, 16, 17, 18, 19, 20) . This should require large Hall bars (≈10 000 µm 2 , as learned from previous studies of graphene) made of high-quality uniform monolayer with relatively high carrier mobility (≥10 000 cm 2 V -1 s -1 ) and where the carrier density can be homogeneously set below 2×10 11 cm -2 (if targeting B≤4 T) (21) . Low-resistance contacts (∼10 Ω) between graphene and metallic pads are also indispensable for precise electrical measurements of the quantum Hall state, as learned from the experience with GaAs-QHRS (22) . An encouraging milestone was achieved by Tzalenchuk et al. (23, 24, 25) , who demonstrated excellent R H accuracy down to 8.7×10 -11 in epitaxial monolayer graphene grown by silicon sublimation from SiC, but at T around 0.3 K and B around 14 T, operation conditions that prevent such graphene device from advantageously replacing GaAs-QHRS. Our device is a large 100 µm×420 µm graphene Hall bar, as shown in Fig. 2a . Graphene was grown on the Si-face of a semi-insulating 0.16° off-axis 6H-SiC substrate by propane/hydrogen chemical vapor deposition (CVD) (26) (see supplementary). This original hybrid method is expected to benefit from the advantages of both the growth on SiC as a monocrystalline substrate (27) and CVD as a tunable growth method (28) . Figure 2b shows the four-terminal transverse (Hall) resistance R H and the four-terminal longitudinal resistance R xx (per square), measured at 1.3 K and up to 14 T. At low magnetic field, well-known quantum corrections to R xx are observable (e.g. weak-localization and electron-electron interaction (29) ) and R H manifests the classical Hall effect. From B = 1 T, the LLs become well separated and we observe a few Shubnikov-de Haas oscillations (SdH) of R xx , while R H starts to mark a plateau, around h/(6e 2 ), characteristic of graphene. The Hall coefficient gives an electron density of n s~1 .8×10 11 cm -2 , which turned out to be remarkably homogeneous (within 1.5×10 10 cm -2 ) over the large surface of the device. The extracted carrier mobility is µ~9 400 cm 2 V -1 s -1 . The metallic contacts to graphene were found of outstanding quality with a resistance below 1.2 Ω (see Fig. 2a, and supplementary) .
At 1.3 K, the so-called h/(2e
2 ) quantum Hall resistance plateau, corresponding to LLs filling factor expected to be around ν=n s h/(eB)=2, is observable from 2.5 T and remains flat up to at least 14 T, the highest B available in our setup (Fig. 2b) . Over this B-field range, R xx has a very low value (as described below), another direct manifestation of the quantum Hall state where charge transport is expected to occur without dissipation at zero temperature. For comparison, in a commonly used GaAs-QHRS (LEP514) (30) , the h/(2e 2 ) plateau, centred at 10.8 T, extends only over 2 T, at 1.3 K (Fig. 2b) . The large extension of the Hall resistance plateau observed in our device evidences the robustness of the QHE in graphene. An even more spectacular manifestation of this robustness, is the persistence of the wide h/(2e 2 ) plateau up to 100 K, from 8 T with an accuracy within a few 10 -3 . This advantageously compares with the previous remarkable observation of h/(2e 2 ) Hall resistance plateaus with similar accuracy at 300 K, but 45 T in ref (31) and demonstrates the progress achieved in the graphene quality at lower carrier density.
The accuracy of R H in the G-QHRS, denoted R H-G , was extensively studied on the h/(2e 2 ) plateau at low temperature, through indirect comparisons of R H-G with the resistance of a well characterized GaAs-QHRS (LEP514), R H-GaAs , via an intermediate 100-Ω room-temperature resistor, using a cryogenic current comparator bridge (see supplementary). Figure 3a shows the relative deviation between the two devices, (∆R H /R H ) -G =(R H-G -R H-GaAs )/R H-GaAs , which can be used to characterize the quantization accuracy of R H-G . In the B-range 3.5 T-14 T, R H-G is accurately quantized with no significant deviation within the relative combined standard uncertainty of the measurements u c , equal to 1×10 -9 . This quantized Hall resistance plateau, more than 10-T wide, is remarkable: in GaAs-QHRS the 1×10 -9 -accuracy of R H-GaAs typically does not spread over much more than 1 T (Fig. 2b) . Attempts to explain such a wide quantized plateau involves two mechanisms: a charge transfer from the substrate stabilizing the Landau level filling factor at ν=2 when increasing the magnetic field, and a certain disorder, both resulting from the special structure of graphene on SiC (32, 33) . Nevertheless the wide quantized plateau is very convenient by eliminating the adjustment procedure of B as required in GaAs-QHRS. Supporting the accurate quantization of the Hall resistance, R xx , measured in G-QHRS using a SQUID (see supplementary), displays very low values, below 35 µΩ (Fig. 3b) , over the B-range 3.5 T-14 T, at 1.3 K, with a minimum of (5±2) µΩ reached around 5 T-6 T.
Remarkably, at 3.5 T, (∆R H /R H ) -G is measured equal to (+0.5±1.4)×10 -9 . This accuracy was demonstrated at 1.3 K and using 10 µA, i.e. in workable conditions of temperature and current similar to those required by GaAs-QHRS. This operation magnetic field is much lower than the lowest of 11.5 T, achieved till now in graphene devices grown by other techniques (25) , while preserving R H accurately quantized within 1×10 -9 (Fig. 1b) . Importantly, lower than the 10 T magnetic field required for a usual GaAs-QHRS, it also beats the previous record value of 6 T exceptionally reported in a state-of-the-art GaAs-QHRS (with an accuracy not better than a few 10 -9 only) (11) . From a practical point of view, this low operation magnetic field is achievable with a permanent magnet (34) , which is an asset to develop very practical QHRS setups.
At 5 T, 1.3 K and with 50 µA, we have repeated (∆R H /R H ) -G measurements (Fig. 6a) . Their weighted mean, equal to (-11.4±10.2)×10 -11 , demonstrates the outstanding performance of our graphene device which displays a state-of-the-art accuracy at very low B.
The robustness of the Hall resistance quantization was tested at higher temperature (Fig. 4) . The critical temperature T c , below which R H-G stays accurately quantized within 1×10 -9 , increases with the magnetic field (Fig. 4c) , reaching a remarkable maximum of 10 K at 8.5 T and 20 µA. This operation temperature is higher than the typical operation temperature of 1.3 K of a usual GaAs-QHRS. Remarkably, it also exceeds the highest similar critical temperature that can be deduced from previous experiments in epitaxial graphene, equal to 7.5 K and obtained at a much higher magnetic field of 14 T (25) (Fig 1c) . From a practical point of view, the value of 10 K is well above liquid helium temperature and basic specification of common pulse-tube cryocoolers (35) .
The robustness of the quantization accuracy at higher I is an advantage to improve and simplify the resistance measurement because enabling higher signal to noise ratio. It was mainly tested by R xx measurements (Fig. 5) . Assuming a coupling factor between (∆R H /R H ) -G and R xx with a maximum absolute value of 0.6 (see supplementary) , R H-G should remain quantized within 1×10 -9 for R xx below 25 µΩ. The critical current, I c , below which R H-G remains accurately quantized within 1×10 -9 (R xx ≤ 25 µΩ) increases with the magnetic field reaching a remarkable maximum of 0.5 mA at 8 T and 1.3 K (Fig. 5b) . Fig. 5b , also presents I c (B) measured at 5 K, which reaches a maximum of 0.27 mA at 8 T. The high critical current, achieved at relatively low magnetic field at 1.3 K, completes the figures of merit of the G-QHRS presented. It is much higher than the operation current of a usual GaAs-QHRS. It is comparable to the record value of 0.6 mA exceptionally achieved in a state-of-the-art GaAs-QHRS at 10 T and 1.3 K but of width (1 mm) ten times larger than that of our G-QHRS (16) . This highlights the much higher current density sustained in graphene, as already evidenced in previous experiments (25) by the achievement of 0.4 mA in a 35-µm wide device, at 0.3 K and 14 T (Fig. 1b) .
Searching for the most interesting simultaneous operation conditions (B, T, I) ensuring 1×10 -9 -accuracy of this device inside its wide parameter space, it appears that (5 T, 5.1 K, 50 µA) constitutes a very convenient combination of parameters that were inaccessible up to now for a QHRS, Fig. 1e . Such operation conditions enable a real breakthrough in the instrumentation for the implementation of quantum Hall resistance standard.
As proofs of the graphene device quality, we first mention the excellent spatial homogeneity, over large scale, as established by the agreement within 1.5×10 -9 of the R H measurements performed using the three transversal terminal-pairs of the device over the wide B-range 4 T -10.8 T (see supplementary). This can be explained, not only by the homogeneity of the graphene morphology at long length scale, as imaged by low energy electrons microscopy (LEEM) (see supplementary) but also by the quality of the device fabrication especially that of metallic contacts. In addition, all the electronic transport properties, including n s , µ, contact resistances, as well as the Hall quantization (R xx , R H-G ) are reproducible, without any ageing nor degradation, over, so far, 10 months (device kept under helium atmosphere or vacuum) and after tens of thermal cycling. The far better performances of this graphene-based QHRS compared to a previously produced one, of slightly higher carrier density n s~3 .2×10 11 cm -2 , lower mobility µ~3 500 cm 2 V -1 s -1 and showing a 1×10 -9 -accuracy above 10 T (33) demonstrates not only the reproducibility but also the progress yet accomplished of the graphene device fabrication process based on CVD on SiC. LEEM images of the graphene layer used for the fabrication of the most demonstrative device show residual small submicrometric inclusions of bilayer graphene and suggests there is room for further improvement of the quality of the graphene device produced by the proposed method.
Interestingly, the measurement of a robust 1×10 -10 -accurate Hall quantization in presence of these bilayer inclusions confirm the strong immunity of the QHE against such short-range defects (compared to the Hall bar width).
Finally, considering the high quality of our G-QHRS, we used it to perform a QHE universality test, at the best level, by comparing R H in the graphene device and in a GaAs-QHRS. Twenty-eight measurements carried out at 1.3 K, between 4 T and 8 T with the majority at 5 T (Fig. 6a) , were selected using severe criteria based on longitudinal and Hall resistance values (see supplementary). For each measurement, the combined standard uncertainty u c is dominated by uncorrelated random noise as demonstrated by the Gaussian description of the set of measured values and by the Allan deviation calculations (36) (Fig. 6a  and supplementary) . The weighted mean of these measurements shows an agreement between R H-G and R H-GaAs to -0.9×10 -11 within u c =8.2×10 -11 . This extremely precise comparison of quantized Hall resistances in graphene and GaAs/AlGaAs displays a record uncertainty in the field of these very difficult QHE universality tests, better than that of 8.7×10
-11 obtained in a previous similar experiment by Janssen et al. (25) . Besides, our experiment is performed with graphene produced by CVD on SiC, a technique different from that of silicon sublimation from SiC used in the experiment by Janssen et al. Considering both results gives a proof of the reproducibility of the quantized Hall resistance in graphene independently of the fabrication technique. Then they can be combined to establish the new state-of-the-art of the QHE universality tests, which shows an agreement between R H-G and R H-GaAs to -2.7×10 -11 within u c =6.0×10 -11 ( Fig. 6b ). Our new result, proving the invariance of R H within such a low uncertainty in materials as different as graphene and GaAs/AlGaAs, in terms of structure, disorder and physics, gives an additional strong support to the exactness of the QHE relation R H =h/(ie 2 ), i.e. of the QHE theory itself. This is an important result for fundamental metrology. Indeed, the QHE relationship can be combined with the Josephson effect relationship, used to realize an electrical voltage standard in terms of h/(2e), in order to establish a direct link between the unit of mass and h. Experimentally, this is achieved by the calibration of a mechanical power in terms of an electrical power in the watt balance experiment (37) . This allows to consider a new definition of the unit of mass, more universal that would advantageously replace the international prototype of the kilogram dated from 1889 kept in a vault near Paris, and slowly changing in mass with time. Figure 6b sums up the most salient QHE comparisons carried out between GaAs/AlGaAs and Si-Mosfet (22, 38) , on one hand, and between GaAs/AlGaAs and graphene, on the other hand (25) . It shows, over time, an improvement of the accuracy, together with a simplification of the experimental conditions, allowed by graphene. This proves the continuous progress in the control of the quantum Hall state, that also bodes well for the new SI.
In conclusion, we report on the measurement of an ideal and versatile graphene quantum Hall resistance standard, which operates over a wide range of experimental conditions while keeping accuracies within 1×10 -9 , and possibly as low as 8.2×10 -11 . Remarkably, it can operate at very low magnetic field (3.5 T) or high temperature (10 K), or high current (0.5 mA), establishing new records of relaxed operational conditions for a QHRS. Hence, we demonstrate, ten years after the first measurements of its exceptional electronic properties, that graphene realizes its promises and outperforms other well-studied semiconductors, in the very demanding resistance metrology application. The abandonment of GaAs/AlGaAs for this application is inevitable. The demonstrated performances rely on the quality, large scale homogeneity, and reproducibility of the graphene grown by CVD on SiC. The demonstrated maturity of the material is promising for the next success of graphene in other applications (39) . The convenient G-QHRS developed opens the era of easy-handling, helium free, and affordable quantum standards able to broadly disseminate, towards industrial end-users, the units defined in the new SI from the fundamental constants of physics. In addition, considering the new demonstration of the QHE universality with ultimate precision and its implication in the kilogram redefinition, does make graphene further weighting in the evolution of the SI. accuracy on R H . Generically, the longitudinal resistance per square is R xx =(w/l)V xx /I where l is the length over which V xx is measured, w is the Hall bar width, and the Hall resistance is R H =V H /I, as exemplified on the device picture.
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Fig. 4 Precision measurements of the Hall and longitudinal resistance of the G-QHRS along the h/(2e
2 ) plateau, at increasing temperature. (a) Relative deviation of R H-G from R H-GaAs , measured using the central terminals (B,F) of the graphene device, and (b) mean value of the four measurements of the longitudinal resistance per square along the device edges, versus temperature. The operation magnetic fields and currents are indicated. (c) Critical temperature, defined as the temperature below which R H-G is accurately quantized within 1×10 -9 , deduced from R xx and (∆R H /R H ) -G measurements presented in (a) and (b) (filled symbols), and from R xx measurements only (using the criterion R xx ≤ 25 µΩ) (open symbols). T c is plotted as a function of the magnetic field for a given range of operation current between 10 µA and 50 µA. 
Vocabulary of Metrology
Measurement uncertainty: non-negative parameter characterizing the dispersion of the quantity values being attributed to a quantity intended to be measured, based on the information used. Measurement accuracy: closeness of agreement between a measured quantity value and a true quantity value of a quantity intended to be measured. Measurement precision: closeness of agreement between indications or measured quantity values obtained by replicate measurements on the same or similar objects under specified conditions. u c is the combined standard uncertainty: standard uncertainty of the result of a measurement when that result is obtained from the values of a number of other quantities, equal to the positive square root of a sum of terms, the terms being the variances or covariances of these other quantities weighted according to how the measurement result varies with changes in these quantities. In the main text, these quantities are expressed as a relative value and all uncertainties are standard uncertainties given within one standard deviation (1s.d. 
Graphene growth
Graphene was grown by propane/hydrogen chemical vapor deposition (CVD) on the Si-face of a semi-insulating 0.16° off-axis 6H-SiC substrate from TankeBlue. We used a horizontal hot-wall CVD reactor with a hydrogen/argon mixture (44 % of hydrogen) as the carrier gas at a pressure of 80 kPa during the whole process. The graphene growth was obtained by adding a propane flow (0.028 %) for 10 min at a growth temperature of 1550°C (26).
Device fabrication
The graphene sample was annealed in vacuum (about 10 mPa pressure) for 1 min at 500°C (ramp of 500 s). The sample was left to cool down to below 100°C in vacuum over a few minutes. Subsequently, it was covered with polymethylmethacrylate (PMMA) for protection. The Hall bar was patterned in the form that can be seen in Fig. 2a using electron-beam lithography and PMMA resist. The Hall bars were defined using oxygen reactive ion etching (RIE). Ohmic contacts to the graphene layer were formed by depositing a Pd/Au (60/20 nm) bilayer in an electron beam deposition system, using an ultra-thin Ti layer for adhesion. Thicker Ti/Au (20/200 nm) bonding pads were formed in a subsequent step, where a RIE etch was performed prior to metal deposition for better adhesion of the metal pads to the SiC substrate. Finally, the sample was covered by 300 nm of poly(methylmethacrylate-co-methacrylate acid) copolymer (MMA (8.5) MAA EL10 from Microchem) and 300 nm of poly(methylstyrene-co-chloromethylacrylate) (ZEP520A from Zeon Chemicals) resist (40) . The ZEP520A resist is known to reduce the electron density under UV illumination. Nonetheless, no illumination was done in our case.
Graphene characterization
The graphene layer grown by CVD on SiC was characterized by atomic force microscopy in tapping mode. The topology (Fig. S1, left) presents SiC steps defining terraces with typical width of 300 nm. The small bright points located near the SiC steps are attributed to external contamination. For some terraces, we can observe on the phase image (Fig. S1, center) a bright contrast attributed to second graphene layer coverage. Low energy electron diffraction and microscopy (LEED and LEEM) were performed on a graphene sample grown simultaneously with the sample used to fabricate the main device presented in this article, but using n-type doped substrate (instead of semi-insulating substrate for the main sample) in order to ease the analysis. LEED (not shown) establishes the presence of a (6√3×6√3)-R30° reconstructed interface layer beneath the graphene layer. The LEEM image (Fig S1, right) presents bright and dark contrasts. Reflectivity measurements allow to attribute bright contrast to single layer coverage and dark contrast to bilayer, making LEEM observation consistent with AFM phase analysis. From AFM and LEEM, we can deduce that small micrometric bilayer inclusions, scattered over the surface, cover roughly 15 % of the sample surface.
Additionnal structural characterizations performed in samples growth by the same technique have been published in ref. (41) . Figure S1 . Images of the graphene layer grown by CVD on SiC by atomic force microscopy (Height color scale from black to white is 2.5 nm), topology (left), phase (center) and by low energy electron microscopy (diameter of the disk is 10 µm) (right).
Detailled description of the electronic transport measurements carried out including the experimental techniques

Charge carrier density and mobility at low magnetic field
The charge carrier density at low magnetic field has been extracted by two distinct usual ways: from the magnetic field dependence of the four-terminal Hall (transverse) resistance in the classical Hall effect regime, on one hand, and from the magnetic field dependence of the Shubnikov de Haas oscillations (SdH) of the four-terminal longitudinal resistance (Fig. 2b) . The Hall coefficient gives an electron density of n s~1 .8×10 11 cm -2 , at low temperature (1.3 K). Though more difficult with our data, analysis of the SdH oscillations confirm this density value. The carrier density is remarkably homogeneous at low magnetic field: typical discrepancies by 1.5×10 10 cm -2 are observed by comparing the measurements carried out with different voltage terminal-pairs. Knowing the carrier density, the carrier mobility is extracted from the Drude contribution to R xx at B≈0 (obtained by subtraction of the well-known quantum corrections to electronic transport, namely the weak-localization peak combined with the contribution of electronelectron interaction. We found µ~9 400 cm 2 V -1 s -1 . Another indication of this rather high charge mobility is the onset of the SdH oscillations at 1 T. Actually, the longitudinal resistance is expected to start to oscillate with the magnetic field as soon as the cyclotron orbits becomes smaller than the electron mean free path (i.e. the Landau levels becomes well separated), leading to µB>1.
Weak-localization correction measurements
Magnetoresistance at low magnetic field was analysed with the appropriate theory of weaklocalization (42) . Below 7 K, we observe a saturation of the extracted phase coherence length L φ at about 300 nm. This length can be compared to the typical width of the SiC terraces. The characteristic length of intervalley scattering L i , which is also deduced from this analysis, is temperature independent and equal to about 140 nm. Much below L φ value, L i value confirms the presence of sharp short-range disorder, what could be explained by the presence of bilayer inclusions. The characteristic length of intravalley scattering process L * , also determining the magnetoresistance associated with the weak-localization correction, is of the same order of magnitude as the transport length equal to l tr =45 nm.
Resistance of the electrical contacts to the graphene device
The resistance of each of the eight metallic Ti/Pd/Au contacts to the graphene was measured on the Hall resistance plateau at h/(2e 2 ) by a three-terminal technique. This technique consists in using the contact to be probed both to inject the measurement current and to probe the potential, a second contact to drain the measurement current, and a third contact to probe a second potential. In the QHE regime, assuming the contacts used to probe the potential are chosen along the same edge state/equipotential, the resistance measured equals R L +R c +r xx , R L is the known resistance of the line connecting the room-temperature connector at the top of the cryoprobe to the contact on the sample, R c is the resistance of the contact itself, and r xx is the longitudinal resistance between the two voltage probes which is very close to zero in the QHE regime (4) . The resistance of each of contacts to the graphene was found to be R c ≤1.1 Ω, as it is show in Fig. 2a . It does not depend on the magnetic field over the tested range (3.5 T -14 T). For the largest source and drain contacts, the resistance is below 100 mΩ and it does not depend on the current, at least, up to 550 µA. The resistance of the smaller voltage contacts was measured with currents up to 20 µA and showed no current dependence over this range. Such a contact quality is an asset for the measurement of a quantized Hall resistance with the best precision.
Longitudinal and Hall resistance measurements in the QHE regime
For all the reported four-terminal resistance measurements of the graphene device, the current circulates between the source and the drain at the ends of the Hall bar (Fig. 2a) . The longitudinal resistance R xx , except for the measurements reported in Figure 2b , corresponds to the mean of the four values using terminal-pairs (A, B), (B, C), (E, F), (F, G). In Figure 2b , R xx is deduced from measurements of the voltage between (F, G), as indicated on the picture of the sample. The longitudinal resistances indicated in the main text are normalized to a square geometry.
Precise Hall resistance measurements:
The accuracy of the quantized Hall resistance in the graphene device, R H-G , was demonstrated through indirect comparisons of R H-G with R H-GaAs delivered by GaAs-QHRS, via an intermediate 100-Ω room-temperature resistor and using a cryogenic current comparator (CCC) bridge (4).
The CCC is a perfect transformer which can measure a current ratio in terms of the winding number of turns ratio with a relative uncertainty as low as a few 10 -11 . Its accuracy relies on a flux density conservation property of the superconductive toroidal shield (Meissner effect), in which superconducting windings are embedded and on a flux detector based on a DC superconducting quantum interference device (SQUID).
The principle of the resistance bridge (Fig. S1) is to compare the currents flowing in the two resistors to be compared while the voltage drops at the terminals of the two resistors are balanced (4). It is based on: -two servo-controlled current sources feeding the two resistors; -a cryogenic current comparator (CCC) based on a SQUID used to servo-control the ratio of the two currents circulating through two of its windings; -a calibrated current divider used to further adjust the ratio of the two currents; -a null detector to check the voltage balance at the terminals of the two resistors. The ratio of the currents is coarsely pre-adjusted so that the voltage at the input of the null detector is only a few 10 -6 of the voltage drop at the resistor terminals. I P and I S currents, which feed the resistors, also circulate across windings of the CCC of number of turns N P and N S respectively. To compare a Hall resistance R H quantized at h/(2e 2 ) and a 100-Ω resistor of resistance R 100 , we connect them in series with a N P =2065 turns winding and a N S =16 turns winding, respectively. In this case, the ratios N P /N S and R P /R S are nearly equal within 1×10 -5 . This choice ensures that the flux measured by the CCC SQUID is low. An auxiliary winding of number of turns N A is supplied with a fraction ε of the current I S by using the calibrated current divider. In external feedback operating mode of the SQUID, I S is regulated so that the flux measured by the SQUID is maintained at zero and ε 0 ensures that the null detector measures zero voltage. This results in:
It comes:
Finally, the resistance bridge enables the determination of the ratio γ of two resistances, in terms of ratios of winding numbers of turns and a fraction ε 0 of the calibrated current divider.
The determination of ε 0 is made from two calibrated values of ε+, ε− , which respectively discards from ε 0 by about 2.5×10 -7 , and respectively gives rise to voltage unbalance, ∆V+, ∆V-of opposite signs, and precisely measured with the null detector. ε 0 is then deduced from the linear interpolation function between ∆V+(ε+) and ∆V-(ε−), denoted ∆V(ε), as ∆V(ε 0 )=0.
∆V±, is measured in quasi-DC mode, with the current direction periodically reversed (a delay (dead time) is kept after each current reversal and before measurement of the voltage unbalance in each current direction I+ or I-). The current reversal allows to eliminate electrical offsets, drifts, and possible other non-ohmic parasitic signals.
Owing to a flux detector based on a Quantum Design DC superconducting quantum interference device (SQUID), the current white noise of the CCC is 80 pA.turn/Hz 1/2 . For all measurements reported, the resistance bridge is equipped with EMN11 nanovoltmeter as a null detector to measure the voltage unbalance at the terminals of the two resistances to be compared. The voltage white noise of this null detector is 7 nV/Hz 1/2 . It is the dominant contribution to the final uncertainty of a measurement of a resistance ratio γ. The typical standard uncertainty, evaluated from series of repeated observations (type A evaluation), of a measurement of γ (=R H /R 100 ) is below 0.3×10 -9 , for a 30 minutes measurement, and with a measurement current of 50 µA in R H .
The room-temperature resistor used in the indirect comparison of R H-G and R H-GaAs is a 100-Ω resistor (TEGAM) of resistance R 100 . It is a well-characterized material standard, in a shielded and temperature-controlled enclosure adjusted at 21.6°C, where the minimum of the quadratic temperature dependence of its resistance occurs (lower than 5×10 -9 /K). Consequently, even the temperature variation of 7 mK observed when the measurement current reaches its maximum used value of 7.74 mA (corresponding to 60 µA in the QHRS on the so-called h/(2e 2 ) plateau), leads to negligible variations of the resistance of the standard, with regards to the measurement uncertainties reported. Anyway, the measurement protocol of the indirect comparison between R H-G and R H-GaAs , as described below, would have cancelled any possible reproducible resistance change induced by heating with measurement current. The stability in time of the material standard resistance has been fully characterized. At long-time scale (3 months), the mean value of the resistance drift is below +7×10 -11 per day, in relative value. The typical stochastic instability daily observed is covered by the combined standard uncertainty of the measurements (<5×10 -10 ).
The GaAs-QHRS (LEP 514) (22) used in the comparison is made from a two-dimensional electron gas, obtained in a GaAs/AlGaAs semiconductor heterostructure, with density 5.2×10 11 cm -2 and mobility 283000 cm 2 V -1 s -1 , patterned into a w=400 µm wide Hall bar. It was fully characterized according to the technical guidelines for quantum Hall resistance metrology (11) . Notably when placed at 10.8 T and 1.3 K, at ν=2, the resistance of each of the eight Au/Ge/Ni contacts is below 200 mΩ, R xx stays below 10 µΩ up to high measurements currents of 60 µA, Fig. S3 . Considering a typical coupling factor of 0.1 between R H and R xx , as observed in previous experiments with these LEP 514 samples at ν=2, within the experimental realization uncertainty (30) , this low value predicts that the Hall resistance in the GaAs-QHRS, R H-GaAs , agrees with the most expected quantized value h/(2e 2 ) with a relative accuracy better than 8×10 -11 . In the experiments, the accuracy of the quantized Hall resistance in the G-QHRS is assessed by comparison with R H-GaAs . In principle, the indirect comparison of R H-G and R H-GaAs via R 100 , which allows a determination of R H-G in terms of R H-GaAs , results from two distinct resistance comparisons: the first one between R H-GaAs and R 100 and the second one between R H-G and R 100 . The resistance bridge measures γ −GaAs =R H-GaAs /R 100 in the first experiment and γ −G = R H-G /R 100 in the second. Assuming that R 100 is invariant in the two measurements, it comes R H-G -R H-GaAs = ∆R H-G = R 100 (γ −G − γ −GaAs ). In order to check the invariance of R 100 we have systematically performed measurements of γ −GaAs before and after each measurement of γ −G . Denoted γ −GaAs-1 and γ −GaAs-2 , they were separated by less than 6 hours. We rejected the determinations ∆R H-G based on γ −GaAs-1 and γ −GaAs-2 significantly disagreeing to more than the combined standard uncertainty. Nevertheless, even for the selected determinations of ∆R H-G , we have systematically considered the mean of γ −GaAs-1 and γ −GaAs-2 , in order to minimize the residual impact of R 100 stochastic instability and of its drift in ∆R H-G measurement. Note that the expected drift of R 100 over 6 h is negligible <2×10 -11 , and the R 100 stochastic instability contributes to random uncorrelated noise in repeated measurements of ∆R H-G . Considering two measurements γ −GaAs-1 and γ −GaAs-2 has also the advantage to reduce the final combined standard uncertainty of ∆R H-G . Each determination of R H-G in terms of R H-GaAs is thus deduced from three measurements: γ −GaAs-1 , γ −G and γ −GaAs-2 . It comes: In the experiments, the GaAs-QHRS and G-QHRS are placed in the same cryomagnetic setup, which combines a 4 He variable temperature insert and a 14 T superconducting magnet. The cables of the cryoprobe used for the transport measurements of both graphene and GaAs/AlGaAs are of the same type with the same properties and behaviour. Each of the cables is PTFE insulated with an external grounded shielding. The insulating resistance to ground of each cable is higher than 10 14 Ω. Independently of its measurement conditions, R H-G is compared to R H-GaAs obtained in the best quantization conditions, i.e. 1.3 K and ±10.8 T.
In addition, the two comparisons of R H-GaAs and R 100 (γ −GaAs-1 , and γ −GaAs-2 ), on one hand, and the comparison of R H-G and R 100 (γ −G ), on the other hand, combined to deduce a value of (∆R H /R H ) -G are performed in exactly the same measurement configurations: same current, same cables between the bridge and the top of the cryostat, same configuration of the bridge (including same CCC winding ratio, same position of the current divider used to adjust the current in the resistances, same pre-adjustment of the current ratio in the resistances), same measurement protocol (including time constants and delays). Only the cables of the cryoprobe used for the measurements of γ −GaAs-i and γ −G are different. Nevertheless, due to their very close high insulating resistance to ground, and the configuration of the bridge, where the insulating resistance to ground is put parallel to the 100-Ω resistor, their contribution to the measurement uncertainty of (∆R H /R H ) -G =(R H-G -R H-GaAs )/R H-GaAs is lower than 1×10 -11 . As a consequence, this measurement procedure perfectly subtracts all the possible significant systematic error of each resistance ratio γ measurement, in a given (∆R H /R H ) -G determination. The measurement uncertainty finally only comes from random noise. The residual errors introduced by the small irreproducibilities of the bridge adjustment, from one γ −GaAs-i or γ −G measurement to another similar γ −GaAs-i or γ −G , only negligibly contribute to random noise in the case of the most precise determinations of (∆R H /R H ) -G (Fig. 6a) , because of the combination of a large number of measurements.
The measurement protocol includes alternating the forward and reverse DC current directions (every 35 s), so as to eliminate electrical offsets, drifts, and possible other non-ohmic parasitic signals. A measurement of γ (=R H /R 100 ), indifferently with G-QHRS or GaAs-QHRS, is typically 30 min to 40 min long (including the measurements of ∆V+(ε+) and ∆V-(ε−)). Exactly the same measurement protocol, including the time sequence, is used for the determinations of γ −G and γ −GaAs . Figure S4 shows a typical measurement sequence of ∆V+(ε+), for ε+=-12.15×10 -6 , in the context of the determination of γ −G , with 50 µA circulating in the graphene device placed at 1.3 K and 5 T, and using the central transversal terminal-pair (B, F). A voltage drop of about 0.645 V develops at the terminal-pair used, in these conditions (R H-G quantized on h/(2e 2 ) plateau). ∆V+ is deduced from the series of values ∆V+ i obtained after two current reversals. The subsequence considered for the determination of one elementary value ∆V+ i , is delimited by a dashed black line on Fig S4. ∆V+ i = [<∆V+(I+)>-<∆V+(I-)>]/2, where <∆V+(I±)> is the average of all the ∆V+(I±) measurements over the time interval of the subsequence. The subsequence is design to consider measurements of ∆V+(I+) and ∆V+(I-) over equal time interval, and half of the ∆V+(I+) measurements performed before and after ∆V+(I-) measurements, so that any drift with time is efficiently subtracted. Note that the data presented on Fig S4 is a visualization of the null detector measurement on a plotting table connected to the analog output. The thickness of the line is related to the ink pen quality rather than the measurement noise. The determination of ∆V+ is not done from the data presented, but directly from the null detector measurements recorded with a multimeter. We have checked that the noise in a measurement of resistance ratio γ (γ −GaAs-i or γ −G ) is predominantly white (uncorrelated random), as proven by calculation of the Allan deviation (36) . As shown on Fig. S5 for a measurement of γ −G with G-QHRS at 5 T, 1.3 K, using 50 µA, the Allan deviation, calculated from the elementary measurements ∆V± i , depends on the measurement time t following t -1/2 , as expected in the case of white noise. Hence there is a good agreement between Allan deviation calculations and calculations of the experimental standard deviation of the mean. Note that for 38 min (60 min) measurement of the graphene device, we achieve a relative standard uncertainty of 0.2×10 -9 (0.15×10 -9 ), at the level of the best capability of the bridge. Similar Allan variance and relative standard uncertainty have been obtained for γ −GaAs . indicates white noise in the measurement. G-QHRS is measured, in this case at 5 T, 1.3 K, using 50 µA.
Precise longitudinal resistance measurements:
Precision measurements of R xx both in GaAs/AlGaAs and graphene were performed using a SQUID and the CCC as an amplifier. As for R H measurements, the data are collected in alternating the DC current directions. A 2065 turns winding of the CCC is connected to the two longitudinal voltage terminals. The longitudinal voltage gives rise to the circulation of a current i xx in the winding of the CCC with a SQUID operating in internal feedback mode. The output of the SQUID electronics is measured with an Agilent 3458A multimeter. The current noise resolution is about 40 fA.Hz 1/2 which results in a voltage noise resolution of about 0.5 nV Hz 1/2 . The longitudinal resistance R xx is then given by R xx = (i xx /I)R H , with I the measurement current, since the twoterminal impedance seen by the winding is very close to R H on the quantized Hall plateau.
Further description of the Hall quantization state in G-QHRS
6.1. Coupling between R H and R xx and homogeneity properties.
As shown on Fig. 3a ii) The inhomogeneity of carrier density or the disorder resulting in the distortion of the current flowing.
Consequently the coupling can be described in a simple model by
Because of the chirality of edge currents between edge states, α geo (±B)= -w p /w is even with respect to the B-direction, i.e. independent on the B-direction and, α inhomo (±B)= ±sin(β), with β the tilt angle of the current flow with respect to the Hall bar orientation, is odd.
For the given geometry of the G-QHRS, α geo = -0.2, so that the observed coupling factor of 0.2 to 0.4, can only be explained by considering the additional coupling α inhomo =+0.4 to +0.6, in this magnetic field direction. The existence of this coupling term confirms a certain degree of (microscopic) inhomogeneity in the device. Such inhomogeneity could be related to the SiC steps, considering that they are able to drive the current flowing. In this case, the experimental values of α inhomo are compatible with SiC steps aligned following directions forming angles between 25° to 40° with the Hall bar orientation.
Inverting the magnetic field direction reveals a coupling factor equal to -0.8 to -0.6, the sum of α geo = -0.2 and α inhomo = -0.6 to -0.4, which changes its sign. This validates the model.
The observation of a coupling between ∆R H-G (B), and R xx (B) following this model is remarkable. It has also been done in ref. (33) . The R H-G does not present a finite slope which crosses the ideal value near the minimum of dissipation (minimum of R xx ) measured between 5 T -6 T, as observed in certain cases (43) .
Inverting the magnetic field direction is also very instructive about the Hall quantization accuracy, mainly because revealing these detrimental contributions of R xx to R H , which leads to deviation from the quantization. Beyond, combining R H measurements in both magnetic field directions allows the precise evaluation of the dissipative transport (r xx ), directly affecting the Hall quantization accuracy at the location where R H is probed. This local evaluation of r xx is a better criterion of the Hall quantization accuracy than the measurement of the mean value of R xx along the edges of the sample, particularly in case of inhomogeneity. Figure S6a shows, for the central transversal pair (B,F) of G-QHRS:
∆R H /R H-even is nothing else but the mean of the deviations of R H-G from R H-GaAs measured in the both magnetic field directions. We rewrite
These two quantities turn out to be useful for very precise and reliable indicators of the quantization accuracy. The fact that both ∆R H /R H-odd and ∆R H /R H-even are zero within u c =0.4×10 -9 , from 4 T to 8 T, at 1.3 K, for the central pair, as shown on Fig. S6a , demonstrates that r xx is very low (below 9 µΩ) and that it does not affect R H-G quantization whatever the coupling mechanism (based on geometry or inhomogeneity) within this uncertainty of 0.4×10 -9 . This information is consistent with the measurement of the mean of R xx measured along the whole circumference of the device, as shown on Fig. 3b . This confirms the good spatial homogeneity of the device at large scale. Regarding the spatial homogeneity of the Hall quantization in the device, the dispersion (standard deviation) between R H-G measurements carried out using the three transversal terminal-pairs of the device (A, G), (B, F), (C, E), each separated by 100 µm, is excellent, below 1×10 -9 at 4 T and 5 T (for both magnetic field directions), at 1.3 K, and stay below 2×10 -9 over the wide range 4 T -10.8 T, at 1.3 K and with currents up to 60 µA (Fig. S6b) . The homogeneity of the Hall quantization state at large scale is confirmed. The observation of the small dispersions between these R H-G measurements also confirms the good robustness of the Hall quantization state in this device, notably against the variation of the measurement probes.
More explicitly, Figure S7 summarizes the quantized Hall resistance measurements performed with G-QHRS using the three transversal terminal-pairs (A, G), (B, F), (C, E), in the magnetic field range 3.5 T -10.8 T. The upper part shows (∆R H /R H ) -G for one given direction of the magnetic field. None of the three pairs shows significant deviation of R H-G from R H-GaAs within u c , equal to 1×10 -9 , at most, in the conditions of temperature and current indicated. The lower part reports ∆R H /R H-odd and ∆R H /R H-even . They are presented as quantization indicators, as explained previously. The data presented in this figure for the pair (B, F) is the same as presented in the main text in Fig. 3a and Fig. S6a . They are recalled to ease the comparison with the measurements performed with the other pairs. Remarkably, the measurements of R H-G using the three transversal terminal-pairs show similar behaviours as a function of the magnetic field, which is correlated with the overall variations of ∆R H /R H-odd and ∆R H /R H-even , i.e. of the local evaluation of the dissipative transport: an optimum for the Hall quantization accuracy is measured around 5 T -6 T. In increasing the magnetic field above 6 T, the agreement of the measurements of R H-G using the three transversal terminal-pairs slightly degrades (while staying below 1.5×10 -9 up to at least 10.8 T), a certain inhomogeneity manifests itself. The central pair enables the measurement of the most robust quantized Hall resistance accuracy, over the considered magnetic field range. It could be related to the better quality (lower resistance) of the metallic contacts to graphene for this pair. 6.2. Additional information about the dependence of R H-G on current.
The robustness of the Hall quantization accuracy to high measurement currents was directly tested with success by measurements of R H-G up to 60 µA. The perfect agreement with the value at 50 µA (see data at 6 T, 1.3 K on the Fig. 3a ) also confirms the absence of a bias possibly introduced by current heating of the transfer resistor up to 60 µA, at best. Testing much higher currents via measurements of R H-G according to our protocol is not possible mainly because of increasing errors caused by more important heating of this transfer resistor and deviation of R H-GaAs from h/(2e 2 ) above 10 -10 . That is the reason why R xx measurements were preferred, as reported in the main text. The R xx data reported in Fig 5a and supporting the determination of I c presented in Fig 5b have been obtained with the magnetic field in the direction opposite to that of the magnetic field used to collect the data presented in Fig 3. We have checked the absence of significant effect of the magnetic field direction on the measurements of R xx , which is an additional proof of the device quality.
6.3. Additional information about the dependence of R H-G on temperature.
For the study of the robustness of the Hall resistance quantization at higher temperatures, the Hall resistance measurements have been performed with the central transversal terminal-pair (B, F). In given conditions of magnetic field, temperature, and current, the measurements of R xx and R H-G have been performed in the two directions of the magnetic field. We report in Fig. S8a , the two sets of measurements, respectively performed with + B and -B. For R H-G , interestingly, there is no significant deviations from R H-GaAs that clearly changes its sign with the magnetic field direction. Note that in case of significant deviation of R H-G , as observed at very low magnetic field and high current the sign of the deviation changes its sign with the magnetic field direction, as explained by the coupling mechanism of R H-G to R xx . Moreover, ∆R H /R H-odd and ∆R H /R H-even , as severe quantization criteria previously defined, are both zero within about 1×10 -9 , as shown on Fig. S8c . This strongly supports that there is no deviation of R H-G from R H-GaAs in the conditions explored up to 10 K, within 1×10 -9 . To account for this important result and enriching the data presented with the maximum information available, Fig 8a presents the average of the measurements performed with + B and -B, that is to say ∆R H /R H-even . The uncertainty associated is the maximum of the experimental standard deviation of the mean of the two measurements (+ B and -B) and of the combined standard uncertainty calculated from the uncertainty of each of the two. The fact that ∆R H /R H-odd is zero within 1×10 -9 , indicates that the averaging process (calculation of ∆R H /R H-even ) does not mask any significant deviations, in the limit of the uncertainty of 1×10 -9 . The Fig 8b displays average value of the measurements of R xx performed with + B and -B, the uncertainty is the combined standard uncertainty of the two measurements. With the objective to test the Hall quantization accuracy within the lowest uncertainty, we have repeated the R H-G measurements.
First, at 5 T, 1.3 K, 50 µA, eight measurements were carried out with the central pair (B, F), added to four measurements with each of the adjacent pairs (A, G) and (C, E) (half of each set being performed in one B-field direction and the second half with B in the opposite direction).
The histogram of all the sixteen (∆R H /R H ) -G =(R H-G -R H-GaAs )/R H-GaAs values is presented in Figure 6a . The mean value is -16×10 -11 and the experimental standard deviation 61×10 -11 . The description of the histogram with a Gaussian calculated with this statistical data is rather good, considering the small number of measurements (Fig. 6a) . This establishes that the noise limiting the precision of our measurement of (∆R H /R H ) -G is uncorrelated random. This justifies the standard treatment of uncertainty and suggests that the result can be improved by repeating measurements. Since the data shows no sign of any systematic errors, the results obtained with combined standard uncertainty ranging from 32×10 -11 to 54×10 -11 can be combined to give a weighted mean of (-11.4±10.2)×10 -11 . The observed accuracy of the quantization is strongly supported by the agreement between the weighted means of data measured with B+ and B-within 10.2×10 -11 , expressed by ∆R H /R H-odd =(-1.87±10.2)×10 -11 . ∆R H /R H-even , the quantity previously reported, is equal to (-11.4±10.2)×10 -11 . This means that the maximum value for the dissipative longitudinal resistance would be 2 µΩ, compatible with the direct measurements of R xx that have been carried out.
To go beyond, we have refined the calculation of the Hall resistance quantization accuracy by considering all R H-G measurements performed in the best Hall quantization conditions (B, T, I, measurement configuration). The selection criteria for the measurement conditions were based on ∆R H /R H-odd =∆R H /R H-even <0.5×10 -9 i.e. R H-G invariance with the magnetic field direction, and also the dispersion between R H-G measurements below 1×10 -9 . This led us to consider measurements performed at:
• (±5 T, 1.3 K, 50 µA), using the three transversal terminal-pairs: eight measurements with (B, F), four measurements with (A, G), four measurements with (C, E); half of each set in B+, half in B-; this is the set of measurements described previously, The histogram of the twenty-eight selected values is presented in Figure 6a , it is pretty well described by a Gaussian calculated from their mean value of 0.1×10 -11 and their experimental standard deviation of 56×10 -11 , which undoubtedly confirms that the (∆R H /R H ) -G measurement noise is uncorrelated random. The weighted mean of the values is (-0.9 ±8.2)×10 -11 . The preservation of the accuracy when adding measurements at 4 T, 6 T, and 8 T, shows that R H-G quantization does not depend on B, in this magnetic field range, which is an additional proof of the Hall quantization robustness in this graphene device. As previously explained, the uncertainty components beyond random noise are negligible. The final uncertainty is limited by the white noise of the null detector measuring the balance of the voltages at the terminals of the two resistances compared in the resistance bridge. It could be further reduced by implementing the quantum Wheatstone bridge technique as used in Ref (43) where quantized Hall resistance comparisons were performed within record combined standard uncertainty of 3.2×10 -11 . Finally, because they are not correlated (different measurement protocols, differents experimental setups and instrumentation), it is possible to combine the result of our graphene vs. GaAs/AlGaAs ultimate comparison with the the result of the previous similar comparison by Janssen et al. (25) , in a weighted mean, in order to establish the QHE universality at (-2.7×10 -11 ±6.0×10 -11 ).
